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ABSTRACT 
Moisture diffusion analysis (MDA) has been developed as a new non-destructive evaluation methodology 
to monitor the strength degradation of graphite-epoxy composite materials. Studies of composite strength 
degradation due to high moisture identify reversible strength loss due to current moisture content and 
irreversible strength loss related to prior moisture exposure with microstructure damage. MDA measures 
current moisture content, directional diffusion coefficients, and moisture concentration profiles. 
MDA measurement utilizes an electrolytic cell to concurrently record cumulative .oisture content and 
moisture effusion rate. Extension of the diffusion analysis of Shen and Springer isolates directional 
diffusion coefficients and indicates a high sensitivity of MDA to moisture degradation of the fiber-
matrix interface. Extension of the methodology to analyze non-Fickian diffusion shows that MDA can be 
applied to locate regions of composite strength degradation related to hydrothenaal cycling effects. 
Studies which correlate MDA with ultrasonic response, and interlaminar shear strength of composite 
laminates subjected to localized moisture damage, show that MDA can be applied to map and locate low 
strength regions of a composite structure. 
Introduction 
Recynt studies by McKague, Halkais, and 
Reynolds showed that the moisture diffusion 
properties of graphite-epoxy composites are sub-
stantially altered by hydrothermal (separate or 
combined exposure to high moisture and tempera-
ture) cycling which simulates the service condi-
tions of supersonic aircraft. Augl and Berger2 
also report that thermal cycling of unidirectional 
graphite-epoxy composites previously exposed to 
moisture increased the moisture diffusion coeffi-
cient yet did not reduce the flexural or shear 
strength. In both studies the increase in diffu-
sion coefficient is attributed to microcrack 
formation. In studies designed to investigate 
methods for detecting moisture degradation in 
graphite-epoxy composites, Kaelble and Dynes4 
recognize that ultrasonic acoustic response and 
moisture diffusional analysis (MDA) combine as a 
new methodology for nondestructive evaluation of 
moisture exposure effects. 
One of the important objectives in nondestruc-
tive evaluation (NDE) of composite materials is 
to clearly document and correlate the dependence 
of a primary performance property such as strength 
with other physical responses which can be evaluated 
nondestructively. This report details the com-
pleted results of a study of hydrothermal cycling 
effects upon the ultrasonic velocity and attenua-
tion, transverse dilation, moisture diffusion 
kinetics, and interlaminar shear strength of a 
uniaxial graphite-epoxy (Hercules AS Graphite-
3501-5 Epoxy) composite. A portion of this study 
is detailed in a published report3 and will be 
briefly discussed here to bring the complete result 
into sharper focus. 
Experi menta 1 
As described in an earlier report,3 a uni-
axial reinforced panel of 48 plies of Hercules AS 
graphite fiber in 3501-5 epoxy matrix was fabri-
cated and cured according to production optimized 
procedures. The resulting composite displayed a 
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fiber volume fraction Vf = 0.60 and void volume 
fraction Vv < 0.01. Th s earlier report also 
details the chemical composition, moisture degra-
dation mechanisms, strength loss, and NDE results 
for this composite designated SC4. That study 
showed that very precise ~asurement of ultrasonic 
wave veloclty CL and spatial attenuation al are 
required to directly detect moisture content. The 
longitudinal sound velocity CL (Km/s) and spatial 
attenuation al (neper/cm) are determined by the 
following standard relations: 
CL = T/At = T/(t2-t1) 
al = T-1 tn(A1tA2) 
(l) 
(2) 
where T is composite thickness, At Is delay time, 
and (Al/A2) is the signal amplitude ratio. The parame ers t1, t2 and AJ. A2 are the respective 
arrival times (~sec) and amplitudes (V) without 
sample (subscript 1) and with sample (subscript 
2). In this study water is used as the acoustic 
coupling material between the ultrasonic trans-
ducer and sample using ultrasonic C-scan measure-
ment at 2. 25 MHz and 2:f C fo 11 owing the methods 
described by Tauchert.S 
In order to precisely evaluate varied hydro-
thermal cycling effects, a special experiment was 
designed for which a precisely machined bar of 
composite SC4 of dimension L by W by T = 12 by 
1.0 by 0.20 in. with fibers parallel to the L 
axis was prepared. This bar was exposed to four 
simultaneous conditions of moisture exposure as 
shown in the schematic of Fig. 1. These varied 
zones of hydrothermal exposure develop a gradient 
of moisture content along the L axis of the bar. 
Subsequent to aging for 1128 hrs. in the conditions 
described by Fig. l, the bar was characterized 
by ultrasonic C-scan at 2. 25 11iz and 2f C. 
Additionally, precision neasurements of specimen 
thickness T which enter calculations of Eq. (1) 
and Eq. (2) were conducted in conjunction with 
ultrasonic response at D.S in. (1.25 em) intervals 
alon~ the sample length. 
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Figurel. 
Canposlte 
SC40 8ar (23 C, 5~ R.H.) Condensor 
Schematic of variable moisture exposure 
of composite SC4 aged for 1128 hours. 
Subsequent to this initial length characteriza-
tion, a series of thermal shocks were then imposed 
on the bar in which the time-temperature history 
was uniform along the length of the bar. Measure-
ments ofT, Cl, al were repeated as described above 
along the length of the bar subsequent to each 
thermal shock. For each thermal shock cycle the 
bar was wrapped in a 1 umi num foi 1 to enhance heat 
transfer and the perheated platens of a hydraulic 
press were closed against the l by W = 12 x 1 in. 
faces of the bar with a compressive stress of 
100 psi. After 5 or 10 minutes the press was 
opened and the bar was immersed in 23•c water with 
repeat measurements ofT, Cl, and al. 
The first two thermal cycles were restricted 
to the recommended service temperature limit of 
17"fc (350°F). The third and fourth thermal 
shock cycles involved progressively higher tempera-
tures of 204°C (4oo•F) and 23:tc (450°F) which 
approach the glass transition temperature Tg:::: 25o"C 
of fully cured dry composite SC4. 
Subsequent to the four thermal shock cycles, 
the bar received a final length evaluation ofT, 
Cl al and was then dried at 11 o• C in vacuum and 
sectioned to provide 48 test specimens of dimen-
sions L by W by T = 1.50 by 0.50 by 0.50 em with 
a group of four from each 1 in. section of the 
bar 1 ength. A group of three specimens at bar 
length positions li = 0.5, 1.5, 2.5, 111 11.5 in. 
were tested for interlaminar shear strength at 
23°C and zero moisture using the compressive 
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shear test of the earlier study.3 The fourth 
specimen was subjected to moisture diffusion 
analysis. 
A related study of composite SC4 by moisture 
diffusion analysis (MDA) describes the use of the 
DuPont moisture evolution analyzer (Model 902H).4 
Prior to MDA the twelve test specimens were first 
desiccated to provide a common initial condition 
of zero moisture. The samples were then exposed to 
1800 min. water immersion at 75°C with periodic 
weighing to evaluate the kinetics of water 
absorption by weight change measurements. After 
1800 min. water immersion at 75•c the samples 
were i ndi vi dua 11y inserted into the 75" C dry 
atmosphere (:, 0 R.H.) sample chamber of the DuPont 
Moisture Evolution Analyzer. Measurement of water 
release rate dW(H20)/dt versus time t and 
determination of moisture content is automatically 
carried out by the instrument. 
Results 
A graphic summary of the effects of variable 
moisture exposure (see Fig. 1) and subsequent 
therma 1 eye 1 es on the 23• C va 1 ues of ultrasonic 
properties al• l and thickness l is shown in 
Figs. 2, 3, and 4, respectively. For ease of 
inspection, the curves are separated by applica-
tion of a vertical shift factor K to the measured 
data values as indicated in the graphs. The 
lower curve of Fig. 2 shows that a remains 
relatively constant with position bven though 
moisture exposure varies with the length abscissa 
of Fig. 2. The 17"fC (350°F) thermal shock cycles 
of Fig. 2 also show nearly level al values with 
position. With subsequent thermal shock cycles 
3 and 4 where the thermal exposure exceeds the 
recommended service limit of 17"tC (350°F) the 
upper curves of Fig. 2 show notable increases 
in al in the sections previously exposed to 
high moisture where l = 6 to 12 in. The high 
attenuation due to internal microstructure 
degradation in cycle 4 reduced A2 to low values 
characteristic of al > 12 neper/cm with visible 
evidence of internal microcrack formation and 
delamination in the high moisture region L = 6 
to 12 in. Conversely in the low moisture region 
l = 0 to 6 in. the thermal shock cycles 1 through 
4 are seen to leave al substantially unchanged. 
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Figure 2. Effects of varied moisture exposure and 
subsequent thermal cycles on the acoustic 
attenuation al of composite SC4. 
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Fi gure 3. Effects of varied moisture exposure and 
subsequent thermal cycles on the ultra-
soni c velocity Cl of composite SC4. 
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Figure 4. Effects of varied moisture exposure and 
subsequent t~rmal cycles on the thick-
ness T of composite SC4. 
Inspection of Fig. 3 shows that ultrasonic 
velocity at 23' C and 2.25 lflz is very sensitive 
to moisture content as indicated by the variation 
in Cl with l shown in the lower curve. Thermal 
shocl< cycles to 177"C (350"F) show the middle 
section region of Cl versus L is broadened. 
Thermal shock cycles 3 and 4 show more abrupt 
changes in Cl in the length region L = 5.5 to 
6.75 in. (14 .0 to 17.1 an) where a transition 
occurs from low to high .aisture. Signal loss 
prevents Cl measurement for l > 6.5 in. (16.5 em) 
subsequent to cycle 4 due to internal crack 
formation . 
The curves of Fig. 4 show that the precise 
thickness T measurements which accompany this 
ultrasonic characterization are quite informative 
in identifying the locus of large defect develop-
ment. The progressive sample thickness maximum 
where L = 6 to 9 in. (15.2 to 22 .9 em) is evident 
following the first thennal cycle. Subsequent 
thermal cycling to higher temperatures increases 
this local thickness T RBximum due to progressive 
internal crack growth and delamination. 
The cured dry rna terla 1 for composite SC4 
shows an ultrasonic wave velocity CL = 2.92 Km/ s 
as compared to CL = 1.49 Km/ s for bulk water at 
21' C and 2. 25 MHz . The sound ve 1 ociti es shown in 
Fig. 3 are evidently dollinated by the matrix 
and moi s ture constituents of the composite. Thus, 
regions of the composite with high moisture will 
display a lower sound velocity as shown in Fig. 3. 
The data of Fig. 3 show that sound attenuation 
al i s primarily sensitive to internal defect s 
rather than moisture content. Thus sound velocity 
is sensitive to current .aisture content and 
attenuation to degree of microstructure degrada-
tion. The degree of inttrlaminar dilation as 
measured by T in Fig. 4 ts also an evident monitor 
of internal damage. 
Following the nondestructive inspection 
summarized in Figs. 2-4, the composi te bar was 
desiccated to a dry state and sectioned as 
described above to provide both interlaminar 
shear and moisture diffusion analysis (MDA) 
specimens. The MDA specimens were subjected to 
moisture absorption studies with measurement of 
weight fraction of water M versus liquid water 
illlllersion time tat 75"C. These typical types 
of moisture absorption curves are shown in Fig. 5. 
All MOA samples where L = 0.5 to 5.5 charac-
teristi c of low rooisture exposure (2fC, 50% R.H.) 
prior to four thermal shocks show classical 
Fickian moisture absorption. A linear MA versus 
t~ curve which extrapolates to (MalA = 0 at 
t = 0 and provides a constant initial slope 
characteristic of an apparent absorption diffusion 
coefficient 5 = 3.78- lo-8 cm2/s is shown by the 
lower curve of Fig. 5. 
Figure 5. Typical Fickian (lower curve) and non-
Fickian (upper curves) moisture absorp-
tion at 7S' C. 
The two upper curves of Fig. 5 show non-
Fickian absorption with (Mn)A > 0 indicative of 
physical penetration of bulk water into surface 
exposed microcracks at t = 0. A nonlinear Mt 
versus t~ response shown in the upper curves of 
Fig. 5 indicates a more complicated diffusion and 
moisture saturation along shorter diffusion path 
lengths which form the microcrack structure. 
Moisture effusion rate measurenents as shown 
in Fig. 6 show that the effusion rate dM/dt versus 
effusion time t is highly reproducible for low 
moisture exposure elements of the test bar with 
L = 0.5 to 5.5 in. In the region of high moisture 
exposure L = 6.5 to 11.5 in., the effusion rate at 
constant time tis dramatically higher indicative 
of desorption enhanced by the presence of micro-
crack structure within the test specimen. 
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Figure 6. The effusion rate of 3501-5/AS composite 
bar at 2tc. 
Table 1 summarizes the length L dependent 
values of interlaminar shear strength Ab (average 
and std. dev.) the intercept (M )A and initial 
slope dMA/dt\ for absorption. ~or desorption the 
initial moisture content (Mn)o. at cycle initiation 
(subsequent to 1800 min. wafer intnersion at 75"C 
and the desorption time td at 75"C and 0% R.H .) 
required to reduce effusion rate to a constant 
level dMo/ dt = 1.0 ~gm/s (see Fig. 6) are also 
tabulated in Table 1. 
Table 1: Length Dependence of Interlaminar Shear 
Strength and Moisture Absorption-Desorp-
tion Response 
tn. 
o.s 
l.S 
2.S 
3.S 
4.S 
s.s 
6.S 
7.S 
8.S 
9.S 
10.S 
11.S 
~. 
Kg/r•.Z 
1081.t lU 
943 .t !IO 
891.t 111 
980• Ill 
1027. 110 
963 .t Zl 
481 t. 
814.t. 
636 .t 210 
488•1112 
S20.t Jl9 
2JS.t 5J 
0.40 
0.3S 
0.20 
0.48 
O.IS 
o.ss 
(di'Afdt~) (Holo 'n 
l•t 1/S~) (•t S) IS) 
1.S·10'3 .96 20 
1.6•10'3 .97 20 
1.4·10'3 .9S 20 
1.S·10'3 1.11 20 
1.S·10'3 
.93 20 
1.S·10'3 1.14 20 
6 . 87·10'3 2. 68 94S 
8.30·10'3 3. 04 1S70 
7.90· 10'3 2.91 1210 
6.30•10'3 3.16 1610 
6.4S·10-l 3.17 1990 
7.30·10'3 2.97 1420 
The length profiles of absorption parameters 
(M0 )A and dMA/dt~ are shown in Fig. 7 and show dramatic and easily recognized increases when 
L >. 5.5 in. characteristic to high moisture 
exposure prior to thermal cycling. The length 
profiles of desorption parameters (~) 0 and to 
shown in Fig. 8 di splay equivalent large increases 
when L > 5.5 in. characteristic of prior hydro-
thermal damage to compos ite nricrostructure. The 
curves of Fig. 7 for moisture absorption and 
Fig. 8 for moisture release show that low moi sture 
exposure,L = 0.5 to 5.5 in. followed by four 
thermal cycles, produce no evidence of change in 
composite microstructure and this result is 
consistent with the ultrasonic properties shown 
in Figs. 2 and 3. 
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Figure 7. Length profile of 10isture absorption. 
Ultrasonic measurements in the high moisture 
region, L = 6.5 to 12 in., of exposure fail due 
to high signal attenuat-on in thermal cycle 4. 
The data of Table 1 and curves of Figs. 7 and 8 
show that MDA remains a quantitat ive measuring 
method over the whole bar length and continues 
to function after thermal cycle 4. The range of 
MDA measurement of microstructure degradation 
is, therefore, potentially broader than possible 
with ultrasonic measurements. 
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Figure 8. Length profiles of 110i sture desorption. 
The length L dependence of average inter-
laminar shear strength Ab is indicated by the 
data points and dashed curve of Fig. 9. As shown 
in Fig. 9, t he schematic of the compressional 
interlaminar shear specimen used in this study 
generates a limited shear stress zone between 
the side notches. It is not surprising, therefore, 
that both ultrasonic (Figs. 2 and 3) and MDA 
(Figs. 7 and 8) which measure a volumetric response 
of the total sample should only show a qualitative 
correlation with Ab· The step curve of Fig. 9 
assumes that all strength values from L = 0. 5 
to 5.5 in. are length independent and form one 
statistical population. A similar assumption of 
lenqth independent strength values for L = 6.5 
to 11.5 in. assumes that water vapor and liquid 
water degrade Ab strength values in similar fashion. 
The MDA curves of Figs. 7 and 8 also suggest a 
similar step function change in composite micro-
structure at L = 6 to 7 which coincides with the 
seal region beL~een ambient and high moisture 
aging (see Fig. 1). 
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Figure 9. Effects of moisture exposure and four 
subsequent thermal cycles on the inter-
laminar shear strength of composite SC4. 
The detailed tabulation of Xb values at 
varied values of L along the test bar in Table 2 
permits a more detailed statistical analysis. 
Inspection of the two data sets, xb for L = 0.5 
to 5. 5 for low moisture and L = 6.5 to 11 . 5 in. 
for hi~h moisture cgnducted by the Weibull (extreme 
values) statistics, produces the interesting 
curves shown in Fig. 10. A special statement of 
the Weibull argument for this shear test data 
states that the probability of survival S is related 
to applied interlaminar shear stress X by the follow-
ing relation:3,6 
(3) 
where Vis the volume for uniform shear loading and 
Ao and mare Weibull parameters. For these test 
data the volume is constant with V = 1 .0. By 
taking logarithms we obtain the following: 
tn(-An S) = m[LnA - tnA0 ) (4) 
which predicts a plot tn(-tn S) versus LnA with 
slope man interceot A = Ao when the survival 
probability S = e-1 "" 0. 37 .· The test data of 
Table 2 for L = 0.5 to 5.5 and L = 6.5 to 11.5 are 
separately arranged serially j = 1 ,2, ... N in 
increasing order of Ab and the survival probability 
is defined as:3 
S = 1 - F = 1 - j - O. SO 
N (5) 
where N is the number of observations and F is the 
failure probability. The upper curves of Fig. 10 
show the cumulative distributions plotted as S 
versus Ab or LnAb for the two aging conditions. 
The lower curves of Fig . 10 show these same data 
linearize well on Weibull plots and conform to 
Weibull analysis. 
Table 2: Experimental Values of Ab for Composite 
SR4 Tested Dry at 23"C After Described 
Hydrothermal Aging and Thermal Cycle 4 
L(1n) ~b (Kg/aoz) 
0.5 984, 103Z, 
1,5 1ZZO, 660, 
Z.5 758, 986, 
3.5 1079, 992, 
4.5 1092, 1088, 
5.5 933, 964, 
6.5 632, 412, 
7.5 835, 792, 
8.5 49Z, 936, 
9.5 696, 476, 
10.5 824, 548, 
11.5 197, 272 
1ZZ8 
9'8 
9Z8 
868 
900 
992 
400 
'80 
Z9Z 
188 
l 
l 
Motsture Aging 
23°C, 50l k.H. ,1128 hr 
100°C, 1001 R.H. or 
11qu1d HzO. 1128 h• 
The data and curves of Fig. 10 show that high 
moisture exposure, where L = 6.5 to 11.5, combined 
with therma 1 eye 1 i ng to 232" C ( 450' F) reduces 
shear strength A by 43 percent at survival 
probability S = 8.37. The corresponding decrease 
in m which broadens the distribution shows that at 
a higher survival probability S = 0.95 of greater 
interest to a design engineer, the high moisture 
exposed length L = 6.5 to 11.5 shows Ab is reduced 
by 79% as compared to low moisture length L = 0.5 
to 5.5. 
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Figure 10. Cumulative distribution function of 
survival probability. 
Summary and Conclusions 
This study clearly shows that HDA (moisture 
diffusion analysis) can be effectively applied to 
scan the area or length of a composite panel and 
locate regions of microstructure degradation and 
resultant loss in internal strength. In this 
study a one dimensional variation of moisture 
exposure and subsequent hydrothermal damage was 
imposed . The results obtained in the present 
study should also be demonstrated with more complex 
localizations of moisture exposure to either limited 
area (two-dimensional) or area plus depth (three-
dimensional). When composite SC4 is thermally 
cycled beyond the recommended service ceiling 
temperature of lTfC (3so•F) the region of high 
moisture exposure (loo•c, water vapor or liquid, 
1128 hr.) clearly exhibits microstructure and 
strength degradation. 
 Ultrasonic acoustic properties, thickness 
profiles, and MDA profiles in both adsorption and 
desorption modes are highly sensitive to the 
structure degradation. In regions of extensive 
internal damage, ultrasonic inspection becomes 
limited as a quantitative tool by high acoustic 
attenuation and resultant loss of signal. MDA in 
this instance becomes highly sensitive as a pro-
filing method. Regions of internal microcrack 
formation display ea~ily detectabl e non-Fickian 
moisture diffusion properties wherein bulk water 
penetrates the open capillary structure and 
subsequently diffuses by shortened path lengths 
between adjacent microcracks. 
Further analysis of these newly recognized 
non-Fickian diffusional regiaes appears to be a 
promising new method for anliyzing the details 
of microstructure degradation. This type of 
extended MDA analysis combined with statistical 
analysis of strength degradation as graphed in 
Fig. 10 appears as the direct approach to coupling 
MDA and ultrasonic surveillance to quantitative 
predictive criteria for residual strength and 
service life of the composite material in 
critical primary structure applications. 
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Nomenc 1 a tu re 
acoustic signal amplitudes (v) 
longitudinal sound velocity (km/s) 
apparent ~bsorption diffusion coeffi-
cient (cmZ/s) 
failure probability defined by Eq . (3) 
(dimensionless) 
Weibull observation index defined by 
Eq. (5) (dimensionless) 
length of specimen (in.) 
Wei bull parameter defined by Eq. (3) 
(dimensionl ess) 
weight fraction of water in absorption (%) 
weight fraction of water in absorption 
at time = 0 (%) 
weight fraction of water in desorption (%) 
weight fraction of water in desorption 
at time = 0 (%) 
relative humidity (%) 
survival probability defined by Eq. (3) 
dimensionless 
time (sec) 
time required to reduce moisture desorp-
tion to 1 ~gm/sec (sec) 
acoustic signal arrival times (~sec) 
thickness of specimen (in.) 
volume for uniform shear loading = 1 
(dimensionless) 
Weibul~ parameter defined by Eq. (3) 
(Kg/em ) 
interlaminar shear stress (Kg/cm2) 
